Photoacoustic (PA) measurements have been performed on a series of In x Ga 1−x N thin films grown with x>50%. In order to illustrate the usefulness of this technique, these measurements have been compared with the results obtained by the following conventional techniques: photoluminescence, transmittance and contactless electroreflectance. Amongst all these techniques, only PA spectroscopy exhibited signal without the undesired Fabry-Perot interferences arising from the thin film and buffer layer. By accurately assessing the strain state and composition of our samples, we were able to study the compositional dependence of the band gap of our epilayers. Our results show that a bowing parameter of 1.43 eV successfully describes the compositional dependence of the band gap of InGaN.
Introduction
Since the correct determination of the band gap of InN (0.65 eV) a great deal of research has been paid to the InGaN alloy system since its band gap can be tuned to cover the entire visible spectral range, from the ultraviolet (3.4 eV for GaN) down to near-infrared wavelengths [1, 2] . Such a unique property could be exploited to design novel devices including high-efficiency multijunction solar cells. Most importantly, the demonstration of InGaN-based inexpensive high-brightness blue LEDs boosted the interest in this alloy system [3, 4] .
Despite the large interest of InGaN for optoelectronic devices, the compositional dependence of the band gap is not precisely established. In particular, works reporting the band gap of In-rich InGaN do not take into account residual strain effects [5] or the Burstein-Moss (BM) shift which can lead to an overestimation of the band gap as high as 200 meV [6, 7] . Aside from the effects of electron concentration and strain on the optical band gap, compositional fluctuations also make the determination of the band gap of InGaN difficult. Compositional inhomogeneities result in an increased Stokes shift, which might yield to energy differences between PL and absorption as high as 500 meV for InGaN [5] . Therefore, owing to the many intrinsic difficulties of the InGaN band gap characterization the use of alternative techniques is desirable. Photoacoustic spectroscopy (PA) has demonstrated to be a reliable technique that can be used to determine the band gap of semiconductor alloys [8] [9] [10] , including InGaN quantum wells [11, 12] . In this article, we show that PA is a highly valuable method for the measurement of the band gap of indium-rich high-quality InGaN thin films. For this purpose, we compare our PA results with measurements done using more conventional optical techniques such as transmission, contactless electroreflectance (CER) or photoluminescence.
Methods
Since the band gap of gallium-rich InGaN is largely studied [2] , here we focus on In content higher than 50%. Our set of 6 indium-rich samples was grown by metalorganic vapor phase epitaxy on 2 inch c-plane (0001) sapphire substrates with GaN buffer layers. The thickness of the thin films are in the range of 130-200 nm, and the buffer layer is 2.6 μm thick. For In x Ga 1−x N layers, TMIn, TEGa and NH 3 were used as material sources and hydrogen and nitrogen were used as carrier gases, and the temperature varied between 550°C and 650°C, while the V/III ratio was higher than in the case of GaN. The growth pressure was kept constant (200 mbar) for all epilayers grown in these experiments. We changed both the V/III ratio (mainly by introducing In flow changes) and temperature so that the In content in In x Ga 1−x N layers was different. A series of spectroscopic techniques were used to characterize the structural and electronic properties of these thin films. We performed all measurements at room temperature.
Structural investigations were performed using a Philips MRD high resolution (HR) x-ray diffractometer. Reciprocal space maps (RSMs) around the symmetrical 0002 ( ) and the asymmetrical 0115 ( ) reflections were obtained using CuKα 1 radiation. To assess strain state and crystal quality of the samples, micro-Raman measurements were performed using the 514.5 nm line of an Ar + laser. A Jobin-Yvon T64000 spectrometer equipped with a LN2-cooled CCD was used for detection. This system allowed to measure with a spectral resolution of 0.5 cm −1 . The Raman measurements were performed with an objective of 100× magnification and 0.95 numerical aperture.
For the CER measurements, the samples were fixed inside a capacitor with one of its electrodes made of copper wire for optical access. Light reflected from the samples was recorded with a single grating monochromator and a photomultiplier. More details on our CER set-up can be found elsewhere [13] .
Transmittance measurements were performed with a PVE300 system (Bentham). The light source consisted of a xenon-quartz tungsten halogen dual lamp. For light detection a Si-Ge dual detector was used.
The PA setup is described elsewhere [8] , and therefore a brief description is provided. Monochromated light from a halogen lamp illuminates the sample inside an enclosed cell. Signal is recorded with an electret condenser microphone and demodulated with a lock-in amplifier (SR830).
To properly characterize the fundamental properties of InGaN it is crucial to precisely determine the indium content. However, owing to the fact that InGaN thin films are typically strained, it is difficult to determine the exact indium composition from simple x-ray diffraction (XRD) measurements. Here we combine HRXRD measurements with Raman measurements in order to assess the strain state and indium content of our thin films.
Results and discussion
As can be seen in figure 1 , well-defined InGaN and GaN peaks can be seen from the HRXRD measurements in the 0002 ( ) reflection, these peaks correspond to the thin film and substrate respectively. It can be seen that the InGaN peaks are broader than that of the substrate, which is attributed to a certain degree of composition inhomogeneity (here estimated around ≈5%), as expected for the alloy. The inset in figure 1 shows a RSM of an In 0.88 Ga 0.12 N sample, no distinctive regions corresponding to different strain degrees or phase segregation are observed. The XRD rocking curves were measured using different acquisition time per point which allowed a good representation of the shape of the curve.
The determination of the composition and strain of InGaN requires the knowledge of both the a and c lattice parameters [14, 15] . However, it can be challenging to obtain XRD signal from the in-plane lattice parameter if the probed volume is small, such is the case for thin films with thickness lower than ∼100 nm. For these cases only symmetric reflections can be measured and it is desirable to either determine the composition with independent techniques or evaluate the relaxation degree with strain sensitive techniques such as Raman spectroscopy. Here we hypothesize that our samples are fully relaxed, since the critical layer thickness (CLT) of In-rich InGaN (<20 nm) is lower than the thickness of our thin films, which is around 200 nm [16] . Under this assumption it is possible to calculate the composition of the samples by simply applying the Vegard's law on the measured c lattice parameter.
Next, we provide a thorough interpretation for both the Raman and HRXRD measurements to confirm that our samples are fully relaxed and no residual strain is present in the epilayers. From the Raman measurements shown in figure 2 it can be seen that, aside from the E 2h peak arising from the GaN buffer layer at 568 cm −1 , single, well-defined E 2h and A 1 (LO) peaks arise from the InGaN epilayer around 500 and 600-680 cm −1 , respectively. The compositional dependence of the measured E 2h and A 1 (LO) phonon modes is shown in the inset of figure 2 (shown as open symbols). It can be seen that the measured frequencies of these modes perfectly follow a linear and parabolic dependence, respectively, as reported in the literature for unstrained InGaN [17] . This result, together with the HRXRD results, validates our hypothesis that the samples are fully relaxed. This can be qualitatively proved from the following argumentation. If the samples were partially strained the indium composition would be overestimated from the HRXRD measurements, since compressive strain results in an increase of the c lattice parameter. This overestimation of the indium content would result in an increased frequency of the measured phonon modes with respect to the expected frequencies of unstrained InGaN (the squares and circles in the inset of figure 2 would be shifted towards higher In contents). Also, the compressive strain increases the Raman frequency [17] . Hence, both indium overestimation and compressive strain would result in an increased frequency of the phonon modes with respect to the expected values. The fact that the measured frequencies accurately match the dependency of unstrained InGaN unambiguously demonstrates that the samples are unstrained, and the composition has been well determined. Moreover, for those samples in which the a lattice parameter could be measured we found that the c/a ratio is 1.62, which is the expected value for unstrained InGaN [18] .
While the interpretation of both, HRXRD and Raman measurements allowed us to conclude that our samples are fully relaxed, it is desirable to evaluate the effect of strain or compositional gradients in order to further support that our samples are fully relaxed. These effects might be important for InGaN thin films, for instance Pereira et al [19] showed that for InGaN thin films with low indium content In x Ga 1−x N (x≈0.17) and a thickness (75 nm) close to the (CLT≈60 nm) [16] there was an increase in In molar fraction along the growth direction attributed to a strong composition pulling effect driven by a strain gradient along the growth direction. We consider that such effect is small for our samples since the thickness of our sample is much larger than the CLT expected for our indium-rich samples (CLT<20 nm) [16] . On the other hand, it is important to consider the fact that the probing depth of the Raman measurements is smaller than that of XRD. The penetration depth on InN for a laser excitation of 514.5 nm is around 125 nm (taking an absorption coefficient [20] of α≈8×10 4 cm −1 ). For the case of our InGaN samples, the penetration depth is expected to be larger since the band gap is closer to the excitation energy [21] . Since our samples exhibit thicknesses between 130 and 200 nm we conclude that most of the sample volume is being probed by our Raman measurements. Finally, by measuring different regions of our sample we found that our samples exhibit perfect lateral homogeneity in the scale of the laser spot size, around 1 μm.
From the Raman measurements we were able to observe a longitudinal optical plasmon coupled mode (L − mode) around 441 cm −1 (see figure 2 ). This mode was previously reported for the InGaN alloy [22] . From the frequency of this mode, we determined the free electron density using the model described in references [23] and [24] . We obtained free electron densities of 1.3×10 19 , for the samples with x=0.88, 0.94 and 1, respectively. As can be seen in figure 2 , the L − mode is only observed in InGaN samples with indium larger than 88%, this is probably due to the overdamped nature of the free-carrier excitations as suggested elsewhere [22] .
After the structural characterization of our InGaN films, optical measurements with PA, PL, CER and transmittance were done. A comparison of the spectra obtained for a sample with indium concentration of 88% is shown in figure 3 . As can be seen in figure 3(a) , the absorption edge at ∼1.1 eV is clearly visible from PA measurements. The transmittance spectrum shown in figure 3(b) of the same sample exhibits a Figure 2 . Normalized Raman spectra of InGaN epilayers. The compositional dependence of the A 1 (LO) and E 2h modes is shown in the inset, together with the expected dependency (solid lines) as reported elsewhere [17] .
decrease in amplitude at energies higher than 1.1 eV, but a strong Fabry-Perot interference pattern arising from the 2.6 μm thick GaN buffer layer makes it unpractical to determine the optical band gap energy. A similar Fabry-Perot interference has been observed in previous studies of samples with GaN buffer layers [25, 26] .
CER spectrum recorded for the In 0.88 Ga 0.12 N sample is shown in figure 3(c) . The signal is practically flat and only residual noise from the Fabry-Perot interference pattern is visible. While CER has proven to be a highly useful method to measure the band gap of semiconductors [8] [9] [10] , including InGaN [13, 27] , this technique might be limited for samples with a high density of surface accumulation electrons, because the surface accumulation layer can prevent the band bending modulation. Similarly, this effect was reported for AlGaN/GaN heterostructures where a two dimensional electron gas screened the band modulation [28] . Here successful CER measurements were obtained for samples with In content lower than 40% (i.e., for samples without the surface accumulation layer), this is illustrated in the inset of figure 3(c) for a sample with 31% In content together with a fit described by the Aspnes formula [29] .
The PL spectrum is shown in figure 3(d) . The PL peak, centered around 0.9 eV, exhibits the same interference pattern observed in the transmittance measurements. We attribute the difference between the optical gap obtained by PA and PL measurements (∼0.2 eV) to two effects. The first is the BM shift arising from a large residual electron density and the second being composition inhomogeneities. Previous works showed that these effects can be higher than 0.2 eV for InN [30] and InGaN [5, 31, 32] . Since PL recombination takes place predominantly in indium-rich clusters, absorption-like measurements provide a more reliable measure of the mean band gap of InGaN. For this reason, here we will only focus on the results obtained from PA measurements.
The optical band gap of our thin films can be determined from the PA measurements. From the signal amplitude, A, the direct band gap is determined by plotting (Ahν) 2 versus the photon energy, hν, and linearly extrapolating (Ahν) 2 to zero [8] . This is shown in figure 4 for all of our samples. As it can be seen in the figure, the absorption edge blueshifts with decreasing indium concentration from 0.9 eV for InN up to 1.6 eV for InGaN with x=53%.
The compositional dependence of the optical gap as measured by PA is plotted in figure 5 (full circles). It is expected that the band gap of InGaN, E g (x), follows a parabolic dependence described by
) where b is the so-called bowing parameter, E InN and E GaN the band gap of InN and GaN, respectively, and x the molar indium fraction. While the exact value of the bowing parameter is still not well assessed, various reviews [1, 2, 33] recommend to take b=1.43 eV [5] , for the whole composition range. The compositional dependence, E g (x), using b=1.43 eV is plotted in figure 5 as a solid line. It can be seen that the measured optical gap energy of our samples is above the expected values by ≈250 meV as a consequence of the BM shift arising from large residual electron densities, as discussed below. The PL emission energies are also plotted in figure 5 as crosses, which are ≈0.1 eV below the absorption edge energy measured by PA, as expected from the Stokes shift [5, 6] .
The high residual electron densities observed in our samples are somewhat expected since for samples with x>0.4 the Fermi stabilization energy (E FS ∼4.9 eV below the vacuum level) is at a higher energy than the conduction band, which results in a large increase of electron densities arising from native defects, as accounted for by the amphoteric defect model [34, 35] . A scheme of this effect is shown in the sketch in figure 5 . In order to evaluate the impact of the residual electron density on the measured optical band gap, here we correct the BM shift and band gap renormalization (BGR) effects on the samples whose free electron densities were determined by Raman-scattering (in the range of (1.3-2.4)×10 19 cm −3 ). The BM contribution has been calculated using a Kane's two band k·p model [36] and assuming a non-parabolic band for InN with a momentum matrix element of E P =10 eV as reported elsewhere [37] for InN, and assuming parabolic bands for InGaN. The conduction-band renormalization (BGR) effect has also been taken into account [38] . Finally, we obtained an optical gap increase of ∼150 meV including both BM and BGR effects. Despite the simplicity of the models used here for the calculation of the residual electron density and the BM shift, this value accounts for most of the discrepancy between the measured optical band gap energy and the expected compositional dependence (see solid line in figure 5) .
As can be seen in figure 5 , our BM and BGR corrected band gap values (open circles) are in perfect agreement with the measurements performed by Wu et al [5] by means of optical absorption for samples with low electron densities (red triangles), as well as the compositional dependence of the band gap of InGaN with a bowing parameter of b=1.43 eV.
Conclusion
In summary, the band gap of our InGaN thin films has been studied by means of PL, CER, transmittance and PA. While it was not possible to obtain CER signal for indium-rich n-type InGaN, nor to successfully interpret the transmittance spectra, PA spectroscopy demonstrated to be a highly valuable technique to measure the band gap of InGaN thin films. Hence, PA can be used as a valid alternative to conventional spectroscopic methods for the measurement of the optical band gap. Moreover, we showed that the signal of PA is free of undesired Fabry-Perot interferences arising from the GaN buffer layer that are present in several spectroscopic techniques. From our measurements we found that a bowing parameter of b=1.43 eV successfully describes the compositional dependence of the band gap of InGaN. 
